Arbuscular mycorrhizae formed between more than 80% of land plants and arbuscular mycorrhizal (AM) fungi represent the most widespread symbiosis on the earth. AM fungi facilitate the uptake of soil nutrients, especially phosphate, by plants, and in return obtain carbohydrates from hosts. Apocarotenoids, oxidative cleavage products of carotenoids, have been found to play a critical role in the establishment of AM symbiosis. Strigolactones previously isolated as seed-germination stimulants for root parasitic weeds act as a chemical signal for AM fungi during presymbiotic stages. Stimulation of carotenoid metabolism, leading to massive accumulation of mycorradicin and cyclohexenone derivatives, occurs during root colonization by AM fungi. This review highlights research into the chemical identification of arbuscular mycorrhiza-related apocarotenoids and their role in the regulation and establishment of AM symbiosis conducted in the past 10 years.
More than 80% of land plants are able to establish mutualistic symbiotic associations with arbuscular mycorrhizal (AM) fungi. 1) Fungi belonging to the phylum Glomeromycota, 2) are obligate symbionts incapable of completing their life cycle in the absence of a host root (Fig. 1) . Their spores can germinate independently of host plants, but their hyphal growth is very limited. The fungi penetrate and colonize plant roots, where they differentiate into highly branched structures known as arbuscules, which are thought to be the principal sites of nutrient exchange between the two partners. Concomitant development of extraradical hyphae outside the roots allows the fungi to supply the host with essential inorganic nutrients, especially phosphate (Pi), from the soil. In return, AM fungi receive carbohydrates derived from photosynthesis in the host. Thus AM symbiosis confers benefits on the host plant in growth and development, and also increases host resistance against pathogens and environmental stresses.
The evolutionary origin of AM fungi dates back to about 460 million years ago as revealed by fossil records from the Ordovician and Devonian eras as well as by a molecular clock analysis based on the substitution rates of small-subunit rRNA sequences. [3] [4] [5] This suggests that AM fungi were present at a time when the land flora most likely consisted only of plants on the bryophytic level, and that they played a crucial role in facilitating the colonization of the land by plants. Their 460 millionyear coevolution with land plants made the arbuscular mycorrhizae the most common and widespread symbiosis on earth. 6, 7) Despite the central importance of AM symbiosis in both agriculture and natural ecosystems, the mechanisms of the formation of a functional symbiosis between plants and AM fungi are largely unknown, mainly because of their obligately biotrophic nature.
There is increasing evidence that plant secondary metabolites play an important role in the regulation and development of AM symbiosis. 8, 9) With regard to the molecular crosstalk between AM fungi and plants, a number of secondary metabolites, including flavonoids and terpenoids as well as plant growth regulators such as cytokinins, abscisic acid, jasmonate, and salicylic acid, have been examined. Apocarotenoids, oxidative cleavage products of carotenoids, have attracted much attention since C 14 mycorradicin and C 13 cyclohexenone derivatives were independently identified from maize and barley mycorrhizae in 1995. 10, 11) Mycorradicin is the chromophore of the so-called yellow pigment responsible for the long-known yellow discoloration of AMcolonized roots. The accumulation of cyclohexenone derivatives in roots is specifically induced by AM colonization in both monocots and dicots. The very recent discovery of strigolactones as a host-derived signal that induces hyphal branching in AM fungi constitutes a milestone in the understanding of AM symbiosis. 12) Strigolactones are a group of sesquiterpene lactones, previously isolated as seed-germination stimulants for the root parasitic weeds Striga and Orobanche. 13) Shortly after the discovery of strigolactones as a signalling molecule in AM symbiosis, the tricyclic ABC ring of strigolactones was found to be formed by cleavage of C 40 carotenoids, showing that strigolactones are apocarotenoids. 14) This review highlights the chemical identification of the AM-related apocarotenoids and their role in the regulation and establishment of AM symbiosis.
I. Strigolactones Act as the Host-Derived Signal Branching Factor
The critical developmental step in the life cycle of AM fungi is hyphal branching, which helps them to ensure contact with the host root and the establishment of symbiosis. 15) In spite of their obligately biotrophic nature, the spores of AM fungi can germinate spontaneously as long as certain physical and physiological conditions are fulfilled, but hyphal growth is very limited, and ceases if a host root is not present in the environment. 16) In the presence of hosts, the hyphae of AM fungi show extensive branching in the vicinity of the roots before formation of the appressorium. This hyphal morphogenesis has long been described as one of the first events in host recognition by the fungus during the pre-infection stages. [17] [18] [19] [20] Host roots release signalling molecules for hyphal branching called branching factors (BFs). [21] [22] [23] By the use of dialysis membranes, BF exuded from growing roots of common basil (Ocimum basilicum), eliciting hyphal branching of the AM fungus Glomus mosseae, was found to be a lowmolecular-weight compound of less than 500 Da.
21) The development of an in vitro bioassay for hyphal branching in germinating spores of the genus Gigaspora 24) facilitated analysis of the chemical characteristics and distribution of BF in the plant kingdom. 22, 23) BF was present in root exudates of all the mycotrophic plants tested, but absent in those of non-host plants. 22, 23) The findings that the active compound is partitioned into ethyl acetate from an aqueous root exudate 22) and is retained on C 18 reverse-phase resin 23) indicated that BF is a lipophilic compound. The presence of several BFs in host plants was suggested by C 18 reverse-phase column and preparative thin layer chromatography. 23) Flavonoids were excluded as BF candidates because root exudates of maize mutants deficient in chalcone synthase showed comparable activity to those of the wild type. 22) Exudates from carrot hairy roots grown under Pi-limited conditions were more active than those from roots with sufficient Pi nutrition, suggesting that the production of BF in roots and its exudation are regulated by Pi availability. For the first time, we succeeded in the isolation and identification of a BF from root exudates of the model legume Lotus japonicus.
12) Purification of the BF was severely hampered by the extremely low concentrations exuded by the roots and their relative instability in nucleophilic solvents such as water and methanol. The development of an enrichment procedure, in which a hydroponic solution containing BF was continuously pumped through an activated charcoal cartridge, enabled us to isolate sufficient amounts of BF for spectroscopic analysis. The BF was identified as a strigolactone, 5-deoxystrigol (1), * by spectroscopic analysis and chemical synthesis (Fig. 2) . Strigolactones are a group of sesquiterpene lactones, previously isolated as seed-germination stimulants for the root parasitic weeds Striga and Orobanche. 13) These parasitic weeds attack the roots of their plant hosts and rob them of water and nutrients. Most species are obligate parasites incapable of completing their life cycle in the absence of a host. Seeds remain dormant until chemical cues exuded from the roots of potential hosts initiate seed germination. Strigolactones are highly active on parasitic weeds, inducing 50% seed germination at picomolar concentrations. At the time, five natural strigolactones had been isolated and a number of structural analogs had been synthesized. 5-Deoxystrigol became the sixth natural strigolactone; this compound had been prepared by organic synthesis as a derivative of strigol (2), but had not been isolated from any natural source.
25) The natural strigolactones 5-deoxystrigol, sorgolactone (4), strigol, and a synthetic analog, GR24 (7), induced hyphal branching at picogram to nanogram levels in germinating spores of the AM fungus Gigaspora margarita.
Orobanchol (5) was also highly active on the fungus (K. Akiyama, unpublished data). Thus BF is revealed to be strigolactone. Bécard and co-workers also came to the conclusion that BF is strigolactone. 26) 5-Deoxystrigol was found to be one of the major germination stimulants produced by gramineous plants such as maize, pearl millet, and sorghum 27) after the end of the Branching factor race. 28) Strigolactones have been isolated from root exudates of a variety of plants, including the monocots sorghum, maize, and millet, and the dicots cotton, cowpea, red clover, Menispermum dauricum, and Lotus japonicus (Fig. 2) . 12, 27, [29] [30] [31] [32] [33] [34] [35] Although strigolactones are perhaps more widely distributed in the plant kingdom, the isolation and characterization of strigolactones in root exudates have been hampered by the extremely low concentrations produced and exuded by host roots and by their relative instability. Analysis using high-performance liquid chromatography (HPLC) connected to tandem mass spectrometry indicated the presence of several novel strigolactones, including one strigol isomer, two dehydro-strigol isomers, and four tetradehydro-strigol isomers, in the root exudates of soybean, carrot, tomato, sorghum, and pea. 27, 36) It is noteworthy that Arabidopsis thaliana, belonging to the nonmycotrophic family Brassicaceae, has been found to produce seed germination stimulants, but at much lower concentrations than in the crop plants carrot and tobacco, which are hosts of AM fungi. 37) This broad distribution
Sorgolactone (4) Orobanchol (5) Alectrol (6) GR24 (7) GR7 (8) The absolute configurations of natural 5-deoxystrigol (1), strigol (2), and sorgolactone (4) are 3a(R), 8b(S), and 2 0 (R). The proposed structure for alectrol (6) has been disproved by organic synthesis, 75) and the structure of 6 has not yet been determined.
* Compound 1 is called by its correct name 5-deoxystrigol in this review, though we called 1 5-deoxy-strigol 12, 15) according to the first report of 1 in the literature. 25) of strigolactones in the plant kingdom and their levels in plant root exudates are fully consistent with the host specificity of AM fungi.
II. AM-Specific Accumulation of Mycorradicin and Cyclohexenone Derivatives
The roots of many plants turn deep yellow upon colonization by AM fungi. This phenomenon was first described in 1924 by Jones in a legume plant. 38) Seventy years later, the compound responsible for this discoloration was isolated from maize mycorrhizal roots and identified as all-E-4,9-dimethyldodeca-2,4,6,8,10-pentaenedioic acid.
10) The compound named mycorradicin (9) (Fig. 3 ) was found to be the chromophore of the yellow pigments that were eluted as a single broad peak in HPLC. 39, 40) It was assumed that mycorradicin is esterified to as yet unknown compounds, 41) or bound in oligo-or polyesters to cyclohexenone derivatives in the case of Zea mays. 40) Free mycorradicin is liberated and detected only after mild alkaline hydrolysis of the yellow complex, although a trace amount of free mycorradicin, along with a series of its derivatives, was recently found for the first time in mycorrhizal roots of Ornithogalum umbellatum.
41) It was shown that mycorradicin, as a constituent of the yellow pigments, was present in the mycorrhizal roots of all Liliopsida analyzed and of a considerable number of Rosopsida. 40) The yellow pigment accumulates as hydrophobic droplets in the vacuoles of root cortical cells during the degradation of arbuscules. 40, 42) Concomitantly with the identification of mycorradicin, studies of secondary metabolites in certain cereal mycorrhizal roots resulted in the discovery of a glycosylated cyclohexenone, the structure of which was determined to be blumenol C 9-O-(2 0 -O--glucuronos- 14) and Walter et al. 73) yl)--glucoside.
11) The compound named blumenin (10) (Fig. 3) was present in non-mycorrhizal roots in trace amounts, but showed a dramatic increase during root colonization of barley, wheat, rye, and oat by the AM fungus Glomus intraradices. The aglycone of blumenin, blumenol C, was first isolated from leaves of Podocarpus blumei. 43) Blumenin and a number of related cyclohexenone derivatives have been found in the AM roots of most gramineous plants, O. umbellatum, and solanaceous tobacco and tomato, and also the model legumes L. japonicus and Medicago truncatula. [44] [45] [46] [47] These compounds differ in ring substitutions and in the nature and degree of glycosylation, including sugar moieties modified with a malonyl group. The accumulation of sesquiterpenoid cyclohexenone derivatives is highly AMspecific, as revealed by the fact that neither biotic treatments such as infection by pathogens or endophytes nor abiotic stresses such as heat, cold, high light intensity, heavy metals, or drought resulted in increased levels of these compounds.
44)

III. Biosynthesis of AM-Related Apocarotenoids and Its Regulation
In spite of the isolation of strigol as early as 1966, 29) only a little is known about the biosynthesis of strigolactones and its regulation in plant roots. This is due to the extremely low concentrations produced in and exuded by host roots. Strigolactones have long been regarded as sesquiterpenoids. Terpenoids are biosynthesized via two independent pathways: the cytosolic mevalonic acid pathway and the plastidic nonmevalonate, methylerythritol phosphate (MEP) pathway.
48) It was recently found that strigolactones are derived from C 40 carotenoids originating from the MEP pathway (Fig. 3) . 14) In the proposed biosynthetic pathway, a putative C 15 aldehyde is produced from C11-12 (C11 0 -12 0 ) cleavage of 9-cis--carotene by a carotenoid cleavage dioxygenase (CCD), most likely 9-cis-epoxycarotenoid dioxygenase (NCED). The C 14 tricyclic ABC ring is formed as a result of a series of enzymatic reactions, including oxidative decarboxylation at C-11 in C 15 aldehyde. Coupling of the methylbutenolide D ring to the ABC ring via the enol ether carbon double bond leads to 5-deoxystrigol. This compound itself is the first strigolactone in the biosynthesis capable of acting both as a branching factor on AM fungi and as a germination stimulant on parasitic weeds. 5-Deoxystrigol can also serve as a direct precursor of strigol, orobanchol, and sorgolactone by being converted through allylic hydroxylation at C-5 and C-4 and by oxidative demethylation at C-9 respectively. Taken all this together, 5-deoxystrigol is likely to be a branching point in strigolactone biosynthesis, but it is worth mentioning that the ABC ring can be a branching point, from which the four strigolactones might be produced through the A or B ring modification preceding the construction of the D ring.
Although mycorradicin and cyclohexenone derivatives were identified independently by two different groups, 10, 11) their structural characteristics and the AMdependent accumulation of both compounds strongly suggested a common origin from the oxidative cleavage of a precursor carotenoid (Fig. 3) . 39) Evidence indicating that cyclohexenone derivatives are derived from the plastidic MEP pathway was provided by the NMR spectroscopic analysis of blumenin after 13 C-labelled glucose-tracing experiments. 49 ) Strong induction of transcript levels of the two pivotal enzymes of the MEP pathway, 1-deoxy-D-xylulose 5-phosphate synthase (DXS) and 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR), provided additional evidence regarding the role of this pathway in the accumulation of mycorradicin and cyclohexenone derivatives. 39, 50, 51) While the putative precursor carotenoid has not been identified to date due to high flux though the pathway, activation of carotenoid biosynthesis in AM roots appears to be a general phenomenon, as indicated by transcriptional activation of phytoene desaturase (PDS) during mycorrhization 52) and increased amounts of phytoene in AM roots upon treatment with the specific PDS inhibitor norflurazon. 47, 52) Mycorradicin and cyclohexenone derivatives thus synthesized by cleavage of a precursor carotenoid at C9-10 (C9 0 -10 0 ) are rebuilt into the yellow pigment by binding via ester bonds, as found in maize AM roots, 40) while unbound cyclohexenone glycosides remain present in AM roots in large amounts.
The initial step of the plastidic MEP pathway, which produces isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), is catalyzed by DXS. Two distantly related DXS genes, DXS1 and DXS2, were first identified from M. truncatula. 50) Both the DXS1 and the DXS2 gene are present in genomes of hosts for AM fungi such as soybean, tomato, potato, and maize, but no member of the DXS2 gene class is present in the fully sequenced genome of A. thaliana, a non-host for AM fungi. There is perhaps a division of labor between DXS1 and DXS2.
50) The former is strongly expressed in many developing tissues, except roots, for housekeeping functions such as supply of chloroplast components. By contrast, transcript levels of the latter are low in most tissues, but are strongly stimulated in roots upon AM colonization, suggesting a role for it in the biosynthesis of secondary isoprenoids. The second step in the MEP pathway, catalyzed by DXR, does not appear to be diversified. A single DXR transcript species is upregulated in maize roots during mycorrhization, but is also abundant in leaves and young seedlings. 51) CCDs specifically acting at C11-12 (C11 0 -12 0 ) and C9-10 (C9 0 -10 0 ) can result in the production of apocarotenoids leading to strigolactones and mycorradicin/ cyclohexenone derivatives respectively. NECD is the first CCD to be characterized from a carotenoid mutant of maize vp14, catalyzing the formation of C 15 apocarotenoid abscisic acid. 53) Reduced levels of strigolactones in root exudates from the mutant vp14-2274 and from maize treated with a putative inhibitor of epoxycarotenoid cleavage, naproxen, indicated the involvement of NECD gene family members in strigolactone biosynthesis. 14) CCDs, generating C 14 and C 13 apocarotenoids, have been described and are widely distributed in the plant kingdom. 54) This enzyme might be involved in the production of mycorradicin and cyclohexenone derivatives. Strong transcriptional activation of a CCD in AM roots of M. truncatula has recently been observed. 55) Whereas strigolactones are constitutively produced and exuded by roots in trace amounts in an AM fungusindependent manner, mycorradicin and cyclohexenone derivatives accumulate to high levels in an AM colonization-specific manner. The nutrient status of plants, especially Pi availability, has been found to affect production and exudation of strigolactones by roots. 23, 56) It has been suggested that the mycorrhizal status of roots does not significantly alter host-derived signals, strigolactones, in root exudates, since mycorrhizal roots of O. basilicum were capable of eliciting hyphal branching in G. mosseae to an extent similar to non-mycorrhizal control. 21) In contrast, the level of blumenin was found to be directly correlated with the degree of root colonization. In non-mycorrhizal roots, blumenin could hardly be detected or appeared only in trace amounts. 11) Taking all this together, it is conceivable that constitutive low level of expression of either DXS1 or DXS2, or both, and one DXR gene in non-mycorrhizal roots provides a tiny but sufficient IPP and DMAPP for the synthesis of strigolactones, and that AM colonization strongly stimulates expression of DXS2 and DXR genes to boost production of IPP and DMAPP, leading to massive accumulation of cyclohexenone derivatives and mycorradicin as a component of yellow pigment in mycorrhizal roots. Given that accumulation of these apocarotenoids occurs at the early and intermediate stages of arbuscule degeneration and collapse, it is tempting to speculate that there is a fungal signal, emitted by collapsing arbuscules, acting as an elicitor of de novo synthesis of these apocarotenoids.
IV. Roles of AM-Related Apocarotenoids in the Regulation and Establishment of Arbuscular Mycorrhizae
The C and D rings connected with an enol ether bond in strigolactone molecules were found to be responsible for germination stimulation in parasitic weeds.
57) The inherent instability of strigolactones is principally due to easy cleavage of this enol ether carbon double bond by nucleophilic agents, including water. Taken with our observations that all strigolactones tested were highly active on AM fungi, and that their activity drastically decreased after concentrating or storing an aqueous solution of strigolactones, it appears that the C-D part is also essential for hyphal branching in AM fungi. The chemical lifetime of strigolactones under natural soil conditions can be very short, enabling these chemicals to convey positional information about the roots of living host plants to AM fungi and also parasitic weeds. Since the evolutionary origin of AM fungi long predates the occurrence of parasitic angiosperms, it is tempting to speculate that parasitic weeds locate their potential hosts by acquiring detection systems for strigolactones, which are released from plant roots to communicate with AM fungi. What is the natural role of germination stimulants? The rediscovery of strigolactones as a branching factor in AM symbiosis provides a clear answer to this question, long-standing in parasitic plant biology, since the first isolation of strigol from cotton, a non-host of parasitic weeds, in 1966. 29) Strigolactones act not only as a morphogen for hyphal branching in AM fungi, but also as a stimulant triggering a cascade of molecular and cellular events that is necessary before hyphae become physiologically infective. A semi-purified root exudate from carrot root organ cultures was found to induce expression of mitochondrial-related genes and, in turn, fungal respiratory activity before intense hyphal branching. 58) This cellular respiration was activated by synthetic analogs GR24 and GR7 (8) in Gigaspora rosea and Glomus intraradices.
59)
GR24 also induced a rapid increase in mitochondrial density and changes in the shape and movement of the organelles. 26) Activation of the mitochondria leads to oxidation of lipids, which are the main form of carbon storage in AM fungal spores. Strigolactones may be a crucial component of root exudates that switch on lipid catabolism at the presymbiotic stage of the fungus. 26) A slight induction of GmarCuZnSOD (Gigaspora margarita CuZn superoxide dismutase) gene expression was observed in germinated spores of G. margarita exposed to a semi-purified root exudate fraction from L. japonicus.
60) Strigolactones might also act as chemoattractants; fungal hyphae of G. mosseae exhibited chemotropic growth towards roots at a distance of at least 910 mm in response to host-derived signals, possibly strigolactones. 61) AM fungi have long been postulated to produce signal molecules called Myc factors (MFs), which induce the molecular and cellular responses of host plants, leading to successful root colonization by AM fungi. Some solid evidence has been presented for AM fungal production of a long-hypothesized MF. Hyphae of AM fungi growing in the vicinity of host roots but separated from the roots by a membrane release a diffusible substance that induces symbiosis-specific MtENOD11 (Medicago truncatula Early Nodulin 11) expression in roots of M. truncatula. 62) This expression was correlated both spatially and temporally with the appearance of hyphal branching, and was not observed when hyphal branching was absent. Exudates from AM fungal hyphae were also found to stimulate lateral root formation. 63) These findings strongly suggest that strigolactones are required for synthesis of the diffusible AM factor, but it was recently found that diffusates from germinating (and even resting) spores of AM fungi incubated in the absence of plant roots elicit rapid and transient cytosolic calcium elevation in soybean cells. This indicates that the fungal signals are constitutively released from spores and hyphae independently of strigolactones. 64) AM-specific activation of carotenoid metabolism leading to the accumulation of mycorradicin and cyclohexenone derivatives has been observed in the AM roots of virtually all mycotrophic plants. This suggests the functional significance of these apocarotenoids, although their role in AM symbiosis remains obscure. Mycorradicin in both its methylated and its free form did not suppress an elicitor-induced oxidative burst, as did the structurally related corticrocin from the ectomycorrhizal fungus Piloderma croceum. 65) Therefore, this apocarotenoid is unlikely to facilitate protection against active oxygen species that accumulate in mycorrhizal roots. 66, 67) Exogenously applied blumenin strongly inhibits colonization and formation of arbuscules at low concentrations, particularly when applied in the early stages of mycorrhizal colonization. 68) Blumenin applied to split-root systems of barley resulted in systemic suppression of root colonization of roots already colonized by an AM fungus. 69) Although the aglycone of blumenin isolated from root exudates of maize showed antifungal activity against phytopathogenic fungi, 70) no such activity was observed for blumenin. 68) This suggests that suppression of mycorrhization by blumenin is unlikely to be due to a direct inhibitory effect on AM fungi. All considered, cyclohexenone derivatives might be an endogenous negative regulator of AM colonization in plants for the coordinated development of AM symbiosis.
The significance of carotenoid-derived metabolites in AM symbiosis has been shown by experiments with maize mutants deficient in carotenoid biosynthesis. Mutant pale yellow 9 (y9) is particularly enlightening. The mutant y9 is probably affected in carotenoid isomerase, catalyzing the conversion of -carotene to lycopene, 71) which is dispensable in chloroplast-containing but not in chloroplast-devoid tissues, such as endosperm and roots. 72) A marked decrease in the mycorrhizal colonization rate and in exudation of strigolactones as assessed by seed germination assay was observed for this mutant. 14, 52) No mycorradicin was detected in the roots. The arbuscule structures showed no obvious anomalies, but their numbers were markedly reduced. These results were successfully corroborated by gene silencing of AM-specific isogene DXS2 by RNA interference (RNAi). 73) Knock-down of MtDXS2 with RNAi in M. truncatula resulted in a drastic decrease in cyclohexenones and the mycorrhiza-specific Pi transporter MtPT4 (Medicago truncatula phosphate transporter 4). 74) At this point we can conclude that carotenoid-derived secondary metabolites, including strigolactones, mycorradicin, and cyclohexenone derivatives, are critical for successful symbiosis between plants and AM fungi.
V. Conclusions and Future Perspectives
In these ten years since the discovery of mycorradicin and blumenin, our understanding of AM-related apocarotenoids has increased greatly. The identification of strigolactones as a branching factor has had an outstanding impact on research concerning symbiotic, parasitic, and pathogenic interactions of plants with other organisms, including fungi, plants, bacteria, and animals. The plastid-localized carotenoid biosynthetic pathway is now known to play a key role in the biosynthesis of AM-related apocarotenoids, but the nature of the intermediate metabolites and the identity of the enzyme involved are yet to be determined. Plastids represent the endosymbiotic remnant of a free-living cyanobacterial progenitor. It is fascinating to elucidate how an ancient endosymbiont supports the accommodation of fungal newcomers into host cells. The model plants L. japonicus, M. truncatula, and Oryza sativa facilitate chemical, molecular, and cellular analysis of apocarotenoid-mediated events and of the apocarotenoid biosynthetic pathway and its regulation in AM symbiosis. Forthcoming studies should provide a definitive answer to the question whether these apocarotenoids are essential to AM symbiosis. They might also provide a new crop production strategy in soil under threat of biotic and abiotic stresses.
